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Characterization, transport, and magnetic properties of Co/Pd multilayers 
produced by pulsed laser deposition 
M. Enrech, R. Skomski, J. M. D. Coey, and J. G. Lunney 
Dqartment qf Pure and Applied Physics, Trinity College Dublin, Dublin 2, Ireland 
Metallic Co/Pd multilayers with equal layer thickness and periods ranging from 5 to 150 A were 
deposited using pulsed laser deposition. They have an fee (111) texture and the diffraction 
patterns give clear evidence of a modulated period structure. From the period dependence of the 
in-plane electrical resistivity a diffuse interface between cobalt and palladium of thickness 
b= 6 P 2 A has been deduced. Magnetic, magnetoresistance, and Kerr-effect measurements 
mdicate in-plane magnetization. In low fields (Be < 10 mT) the magnetoresistance is highly 
anisotropic, varying by -2% in the transverse configuration and + 1% in the longitudinal 
configuration due to orbital moment of cobalt in the interface region. The shape of the 
Kerr-ethect major hysteresis loop can be explained by the in-plane component of the anisotropy 
of the cobalt layers. 
I. INTRODUCTION 
At present metallic magnetic multilayers are a subject 
of active research.’ Keeent discoveries such as the giant 
magnetoresistance,” the oscillation of the magnetic interac- 
tion between coupled ferromagnetic layerst3 and the large 
magneto-optical effects’ have stimulated many studies in 
the last few years. Many questions still arise concerning 
magnetism and the contribution of the interface to the re- 
sistivity. The origin of the multilayer phenomena is still not 
clear for many systems. 
In this paper we study the transport and magnetic 
properties of Co/I’d multilayers produced by pulsed laser 
deposition, which is a new method for preparing metallic 
mu1t.ilayers.s 
The dependence of the in-plane electrical resistivity on 
the multilayer period has been investigated and the mag- 
netoresistance studied. Many authors discuss resistivity 
data within the framework of the Fuchs-Sondheimer size 
eiyect theory.” This theory predicts an unphysical diver- 
gence of the resistivity for small periodicities, which is 
weakened, but not removed, by introducing an empirical 
‘*specular reflection factor.‘77 Here we consider the depen- 
dence of the electrical resistivity on the thickness and the 
profile of the diffuse interface. A simple interdiffusion 
model is used” to explain the observed resistivity depen- 
dence and deduce the thickness of the interface layer. The 
strongly anisotropic magnetoresistance is analyzed in 
terms of anisotropic spin-orbit scattering and is related to 
the mngnetination curves measured by Kerr effect. 
II. EXPERIMENTAL PROCEDURE 
The pulsed laser deposition technique uses a high- 
power laser to vaporize source material. The deposition of 
the multilayers was carried out in a NV chamber at a base 
pressure of 2 x lo--’ mbar. A KrF excimer laser (Lambda 
Physik EMG 102 MSC) with a 248-nm wavelength, a 
23-11s pulse width, and an average fluence of 10 J/cm2 was 
used, operating at a repetition rate of 10 Hz. Equal- 
thickness Co and Pd alternating layers were deposited at 
room temperature on fus& silica amorphous substrates.’ 
The deposition rate of about 0.5 A/s was measured in situ 
using an oscillating quartz monitor that was used to eval- 
uate period and thickness of the films. Multilayers with 
periods ranging from 5 to 150 A were prepared and the 
total film thickness varied between 0.05 and 0.2 ym. 
Scanning electron microscopy (SEM) was used to ob- 
serve the surface morphology of the films. The average 
composition was obtained by energy-dispersive x-ray anal- 
ysis (EDX). The structural characterization of the layered 
films was done by x-ray diffraction on a Siemens D500 
diffractometer using Cu Ka radiation. 
The in-plane electrical resistance of the multilayer 
samples was measured by the standard four-point method. 
Current flow was in the plane of the multilayers. The tem- 
perature dependence was determined between 295 and 10 
K in a closed-cycled refrigerator. Magnetoresistance was 
measured in the three geometries: longitudinal (magnetic 
field and current parallel), transverse (field in the sample 
plane perpendicular to the current ), and perpendicular 
(field perpendicular to the sample plane). The magneto- 
resistance is defined as AR(&)/R(O), with AR(H) 
=R ( Be) -R(O), and R ( Ba) the resistance at an applied 
field &. Measurements were carried out at room temper- 
ature in a field of up to 1.4 T and at 4.2 K in a field of up 
to 6 T. The hysteresis loops of the multilayers with an 
applied field of up to 0.3 T were obtained by magnetoop- 
tical Kerr effect operating in the transverse geometry. 
Ill. RESULTS AND DISCUSSION 
A. Structure 
All laser-ablated Co/Pd multilayers are smooth and 
have a metallic luster. The SEM photographs show the 
presence of some metal droplets on the surface. An average 
chemical composition of approximately 50 at. % Co and 
50 at. % Pd was determined from the EDX analysis. The 
structural analysis shows an fee ( 111) Pd texture that is 
compatible with either ( 111) fee or (002) hcp for Co. The 
fee and hcp structures differ only in the layer stacking, 
ABCABC for fee and ABAB for hcp. Thus to determine 
the structure, at least three Co layers are necessary. Here 
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FIG. 1. 0-28 high-angle r-ray diffraction patterns for equal-layer- 
thickness Co/Pd multilayers: (a) h=153.1 A, (b) h=51.6 A, (c) 
11~47.2 a, (d) A=295 A, (e) A=19.0 & and (f) A=5.5 A. 
we ma intain the notation fee ( 111)  as a  convention.“’ Sam- 
ples of large period A show only the ( 111)  reflections of Pd 
and Co. W ith decreasing A the diffraction patterns are 
characterized by the evolution of satellites around these 
( I 11) reflections (Fig. I) . Low-angb diffraction measure-  
ments also contirm a  periodic layered structure, The  x-ray 
diffraction peaks are reasonably sharp and  the linewidth 
does not show any obvious dependence on period. This 
indicates good periodic superlattices but tells us nothing 
about interface alloying since for statistically periodic dis- 
order all peaks remain sharp. 
B. Resistivity 
The dependence of the electrical resistivity on  A (Fig. 
2) indicates deviations from the thin-film size effect theory6 
for small periods. Mode l calculations that assume interdif- 
fusion at the Co/I’d  interface predict that the resistivity 
approaches a  plateau value for small periods. The  formula* 
where pee, and Ppd are the bulk resistivities of Co and Pd, 
respectively, pbf is the plateau resistivity, and  b is the 
thickness of the diffuse interface, can be  used to deduce b. 
The experimental data clearly indicate a  resistivity plateau 
at small A (Fig, 2). F itting of the data yields a  thickness of 
the interface b= 6 f 2  A. Impurity scattering at the inter- 
face, and  hence piw, depends on  the spin orientation of the 
scattering atoms, which is a  likely explanation for the iso- 
tropic giant magnetoresistance in diffuse mu ltilayers” and 
granular systems.‘2”3 
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FIG. 2. Normalized (reduced) resistivities for Co/Pd and Pd/Au mul- 
tilayers. Dashed line: Fit according to theosize-effect theory.6 Solid line: 
Fit corresponding to Eq. (1) with b=4.9 A. Pd/Au data are taken from 
Ref. 7. 
C. Magnetoresistance 
Magnetoresistance measurements and  Kerr-effect hys- 
teresis loops indicate in-plane magnetization in the as- 
prepared state for all the Co/Pd mu ltilayers investigated 
here. The  behavior of the magnetoresistance at low field is 
quite different in the three experimental geometr ies used 
(Fig. 3). A maximum negative value AR(H)/R(O) of 
about -2% at 4.2 K has been measured for the A=29.5 A 
mu ltilayer in the transverse geometry, whereas the longi- 
tudinal and  perpendicular geometr ies magnetoresistance is 
positive, f 1% and j-05%, respectively. The  low-field 
hysteresis clearly demonstrates the m icromagnetic origin 
of the magnetoresistance, When  the magnetic doma in 
structure is eliminated the resistivity approaches a  constant 
value. 
Anisotropic magnetoresistance is a  spin-orbit effect 
and  can be  written asl4 
Bo (Tj 
FIG. 3. Magnetoresistance of a h=29.5 .& Co/Pd multilayer at 4.2 K. 
Measurements in the three geometries: (a) transverse, (b) perpendicular, 
and (c) longitudinal. 
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!3G. 1. Kerr loop of a  CoJPd multilayer of A=20.2 A. The solid line 
represents the fit according to Eq. (3 ). 
pC@==pL +Apecos% (2) 
where 8 denotes the angle between the current and  the 
magnetization. For random three-dimensional orientation 
of the spins the resistivity is given by p=pl +iAps, 
whereas random two-dimensional orientation yields 
p=pl +iApe. In our case (Fig. 3), p=pr +O.‘?Aps, 
which may be  explained by a  sixfold in-plane anisotropy. 
The  hysteresis in the magnetoresistance curves in F ig. 3  
i l idicdteS local free-energy m inima at 8=0 and &n/2. 
Both m inima are separated by a  free-energy barrier, and  
therefore it is incorrect to describe the anisotropy simply as 
easy-plane. 
It is known that cobalt impurities in pal ladium con- 
tribute a  positive anisotropic magnetoresistance of 1% 
7%, which is associated with a  large orbital moment  of 
0.7,~~ on  the cobalt impurity.‘5  In our mu ltilayers, there 
will be  two or three layers of cobalt with many palladium 
neighbors in the diffuse interface region. It is the orbital 
moment  on  these atoms that is most likely the source of the 
observed magnetoresistance anisotropy. 
F igure 4  shows the Kerr-effect hysteresis loop of the 
A=20.2 A Co/Pd mu ltilayer. The  in-plane magnetic field 
is appl ied in an  arbitrary direction. Subsequent  urning of 
the magnetic field by an  angle of ?r/2 yields m inor loops 
with small hysteresis, which is interpreted in a  way analo- 
gous to the perpendicular magnetization in uniaxial ferro- 
magnetic crystals. The  magnetic free energy in the plane is 
F= -h-; c0s[6(5b-q5~) ] ---HMO cos q5, 13) 
where I$,~ is assumed to be  random and K; is the in-plane 
anisotropy constant of the fee ( Ill) plane, which has been 
used to reproduce the ma jor hysteresis loop. The  value of 
K; is 0.46 K J/m3. To  calculate F ig. 4, only irreversible 
contributions (switching fields) have been taken into ac- 
count. The  quality of this approximation, which is reason- 
able for ma jor loops only, can be  estimated from the rema- 
nence M  R -~l4s, which may be  compared to the exact value 
M ,=O.95&. 
IV. CONCLUSIONS 
Good-quali ty ColPd metallic mu ltilayers can be  pre- 
pared by pulsed laser deposition. The  period dependence of 
the resistivity yields the thickness of the diffuse interface 
between Co and Pd of about 6  A. Anisotropic magnetore- 
sistance is attributed to anisotropic spin-orbit scattering 
related to the orbital moment  of the cobalt atoms in the 
interface region. The  shape of the in-plane hysteresis loop 
can be  explained by a  sixthfold in-plane anisotropy, and  
the constant Kj = 0.46 K J/m” is determined. 
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